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ABSTRACT
The Black soldier fly, Hermetia illucens (Linnaeus) (Diptera: Stratiomyidae) is a
large 2cm long fly that is native to North America. Larvae are naturally found
consuming a wide range of decomposing organic material and therefore has a potential to
be used as an agent for waste management. Larvae reared from waste are high in fat and
protein, making them valuable as animal feed. Included in the natural diet of black
soldier fly larvae are carrion, making this fly species of value in estimating time of death
and therefore, of interest to forensic entomologists. The current study tested the ability of
black soldier fly larvae to consume six organic waste diets that were chosen to give the
widest range of organic waste possible from all meat to all vegetable diet. Diet was
found to affect black soldier fly development with respect to time to reach particular
stages of development, length, weight and mortality at different stages of development.
Black soldier fly larvae were able to consume the most waste that was high in fat and
energy content. Diets high in fat and energy also produced the heaviest and longest
maggots. As a result, it is recommended that black soldier fly larval diet should be high
in fat and energy content. During the diet experiments, cannibalistic behaviour was
observed in a lab environment.
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ABSTRACT
The Black soldier fly, Hermetia illucens (Linnaeus) (Diptera: Stratiomyidae) is a
large 2cm long fly that is native to North America. Larvae are naturally found
consuming a wide range of decomposing organic material and therefore has a potential to
be used as an agent for waste management. Larvae reared from waste are high in fat and
protein, making them valuable as animal feed. Included in the natural diet of black
soldier fly larvae are carrion, making this fly species of value in estimating time of death
and therefore, of interest to forensic entomologists. The current study tested the ability of
black soldier fly larvae to consume six organic waste diets that were chosen to give the
widest range of organic waste possible from all meat to all vegetable diet. Diet was
found to affect black soldier fly development with respect to time to reach particular
stages of development, length, weight and mortality at different stages of development.
Black soldier fly larvae were able to consume the most waste that was high in fat and
energy content. Diets high in fat and energy also produced the heaviest and longest
maggots. As a result, it is recommended that black soldier fly larval diet should be high
in fat and energy content. During the diet experiments, cannibalistic behaviour was
observed in a lab environment.
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CHAPTER 1: LITERATURE REVIEW
i. Waste management
Canada has an increasing problem of accumulating biological wastes. Canada
produced 30.4 million tonnes of solid wastes in 2002 (Cameron et al 2005). Currently,
the most common method for discarding waste is in landfills with 23 million tonnes of
waste deposited in landfills in 2000 (Cameron et al 2005); but the process has drawbacks.
Modem landfills are lined to protect against leachate and gas emissions which are the two
major environmental problems associated with landfills. However, in 2000 an estimated
35% of landfills are at least 20 years old (Cameron et al 2005). Older landfills may not
be effectively trapping leachate and gas emissions. Leachate is composed of water and
dissolved solids (Keenan et al 1984); leachate is formed when water percolates through
buried waste and drains to the bottom where it is collected at a significant operating
expense. Depending on type of buried waste, leachate may contain toxic or polluting
elements which can contaminate ground and surface waters. Greenhouse gas emissions,
such as carbon dioxide, methane, and small amounts of benzene, toluene, vinyl chloride,
ammonia and hydrogen sulphide, are produced by the decomposition of organic wastes
(Cameron et al 2005) and are responsible for foul odours.
There are several methods for diverting organic wastes from landfills which
include incineration and composting. However, in 2000 only 5% of wastes (1.1 million
tonnes) were incinerated in Canada. Unfortunately, incineration results in the release of
toxic combustion by-products into the atmosphere if not properly processed. In 2000,
incinerators discharged 1596 tonnes of sulphur oxides, 695 tonnes of nitrogen oxides, 989
tonnes of volatile organic compounds, 3421 tonnes of carbon monoxide and 578 tonnes
1

of particulate matter, which is composed of solid and liquid particles (Cameron et al
2005). These pollutants can be highly toxic and contribute to greenhouse gas emissions
and rain acidification (Cameron et al 2005).

In addition, incineration results in

wastewater and ash which contain contaminants and must be disposed of properly.
Although the heat produced during incineration can be used as an energy source, it
requires the addition of highly incombustible waste that does not require additional fuel
to burn since the presence of combustible waste such as paper and plastic lowers the
energy conversion efficiency.
Currently, the most common method for diverting organic waste from landfills is
composting. In 2002, Canada produced 30.4 million tonnes of solid wastes, of which 12
million tonnes were from Canadian households representing a 5% increase from two
years prior (Cameron et al 2005). It is estimated that 40% of all household solid waste is
organic (Cameron et al 2005). Although the popularity of composing has increased by
70% from 2000 to 2004, only 1.1 million tonnes of organic waste from Canadian
households were composted (Elliot 2008). If improperly managed, compost can attract
pests and produce odours such as methane. In a survey by Renkow and Rubin (1998),
odour is a continuing problem for 3 out of 19 municipal solid waste (MSW) composting
facilities and was the cause of termination for one facility in United States. In addition,
composting produces a higher concentration of airborne bacteria, fungi and other microorganisms in the nearby vicinity which creates a health hazard. Although the nutrients in
finished compost can be used in agriculture, the removal of water and carbon dioxide
reduces the amount of compost by 25-60% (Renkow and Rubin 1998).

2

As a result of the wastes produced each year, landfills are reaching capacity and
closing (Cameron et al 2005). In 2005, only 3 million tonnes of waste is diverted from
going into landfills in Ontario, while 4 million tonnes was exported to the United States
(Ministry of the Environment). Landfilling is also a time intensive process. Organic
wastes can take up to 30 years to decompose in a landfill.

ii. Black Soldier Fly
One solution worth researching is using Black Soldier fly larvae, Hermetia
illucens (Linnaeus) (Diptera: Stratiomyidae) as an agent for waste management. The

black soldier fly consumes a wide range of decomposing organic matter and can
efficiently dry out and diminish the volume of biological wastes in a short amount of
time, instead of waiting months for composting or years for organic waste to decompose
at landfills. Sheppard (1983) showed black soldier fly larvae can reduce manure by 27%
in the month of its life cycle. Black soldier flies are especially beneficial in confined
animal feeding operations such as poultry houses where there is a rapid manure
accumulation. A study by Sheppard et al (1994) demonstrated that black soldier flies can
reduce manure by 50% or more in poultry facilities. Black soldier flies are not
considered a pest as they do not enter houses and they outcompete house flies in manure,
reducing house fly populations by 94-100% (Sheppard et al 1994). Bradly and Sheppard
(1983) showed that poultry manure inoculated with black soldier fly larvae prevented
house fly Musca domestica (Linnaeus) (Diptera: Muscidae) and lesser house fly Fannia
canicularis (Linnaeus) (Diptera: Fanniidae) from ovipositing on it. They theorize that

both physical and chemical properties are repelling wild populations of house flies from
ovipositing in the presence of black soldier fly larvae. Furthermore, black soldier flies
3

are beneficial to human health because they are not known to produce harmful pollutants
or greenhouse gases and the larvae accelerate inactivation of E. coli and Salmonella in
chicken manure (Erickson et al 2004, Liu et al 2008), reducing the potential for spread of
bacterial diseases. Black soldier flies reduce pollution by decreasing the concentration of
nitrogen and phosphorus in manure (Tomberlin and Sheppard 2001) thereby reducing
leachate and the rapid decomposition of organic waste results in reduced production of
greenhouse gases.
A further advantage of using of black soldier fly larvae for reduction of organic
wastes is in the economic benefits through value-added sales of the prepupal stage. Black
soldier flies are a valuable food source because the larvae convert waste into high quality
protein and fat, making the prepupae valuable as feed for livestock such as poultry,
swine, and fish. The prepupae no longer contains any waste in its digestive tract and has
stored a great amount of body fat for energy to migrate, pupate, and sustain adult life
(Sheppard et al 1994). Hale (1973) determined that black soldier fly larvae contained
45 .2% crude protein and 31.4% fat. The high nutritional content of black soldier fly
larvae makes them valuable as a replacement for feed such as Menhaden fish meal, which
is valued at $550/tonne (Newton et al 2005). The value of using black soldier fly as a
feed is estimated to be $330/tonne (Newton et al 2005). Studies using cockerels, pigs,
catfish and tilapia suggest that using black soldier fly larvae is an appropriate nutritional
replacement compared to other conventional feeds.
Newton et al (1977) conducted a study using black soldier fly larvae as a meal
replacement for swine. Dried black soldier fly larvae reared on cow manure contained
42.1 % crude protein, 34.8% ether extract, 7% crude fiber, and a higher than expected

4

calcium content of 5%. Newton et al (1977) also provided an amino acid profile of black
soldier fly larvae meal which are similar to other feeds such as animal and fish by
products, grains, and peas and beans (Lyman et al 1956). When comparing larvae meal
to soybean meal, swine showed no preference which further demonstrates that larvae
meal can be a suitable meal replacement.
Similarly, Bondari and Sheppard (1981) studied the effects of using black soldier
fly larvae reared on chicken manure as a feed replacement for fish. Black soldier fly
larvae reared on chicken manure contained 38-40% crude protein 18-28% fat. Channel
catfish, Ictalurus punctatus (Rafinesque) (Silfuriformes: Ictaluridae) and blue tilapia,
Oreochromis aureus (Steindachner) (Perciformes: Cichlidae) were fed a low protein
commercial diet, a high commercial protein diet and black soldier fly larval diet. Results
indicated there was no significant difference in the growth of fish with respect to body
weight or length when fed the three different diets alone or in combination. Fish fed
different diets were randomly sacrificed for a taste test. Consumers were not able to
detect a difference in aroma or texture in the experimental fish, indicating that fish fed on
larvae diet are equally desirable in taste.
In addition to converting waste to valuable nutrition that can be used as feed for
animal livestock, black soldier fly larvae also have the potential to be used for biofuel.
Black soldier fly fed on manure contain fatty acids with carbon chains ranging from 1218 (St-Hilaire et al 2007). These fatty acids can be used in the process of
transesterification to produce biofuels (Ma and Hanna 1999).
When the larvae reach the prepupal stage, they wander away from the food source
in order to pupate (Sheppard et al 1994). With a ramp at an angle of ea. 40°, the

5

wandering stage of black soldier fly makes them practically self-harvesting (Sheppard et
al 1994). Although black soldier flies have potential as an environmentally friendly
solution to reducing Canada's problem of accumulating organic waste, very little is
known about their biology.
Black soldier flies are a large wasp like fly approximately 2 cm long (McCallan
1974). It is native to America, however, due to human distribution, black soldier flies are
now located worldwide in warm climates from 45°N to 40°S (McCallan 1974). In
southeastern United States, there are three generations per year (Sheppard et al 1994).
They are naturally found consuming organic matter such as decaying fruits, vegetables,
animal and manure (James 1935).
Black soldier flies can survive a wide range of temperatures from 24 to 40°C
(Sheppard et al 2002). Optimal mating occurs between 27.5 and 37.5°C (Sheppard et al
1994). Black soldier flies exhibit lekking behaviour (Tomberlin and Sheppard 2001 ). In
the wild, the flies are usually found sitting on leaves. Two males in near vicinity fight for
a leaf with the winning victor returning to the leaf. Females flying by are grabbed by the
male and copulation occurs on the leaf, usually end to end. Occasionally, the males can
copulate sitting on top of females.
Females lay an egg mass of approximately 500 eggs in a dry crevice near a food
source (Furman et al 1959, Sheppard et al 1994). Eggs hatch in 4 days at 27°C and the
larval stage is approximately 22 to 24 d at this temperature (Tomberlin et al 2002). The
larval stage consists of 5 instars (Axtell and Arends 1990). Once larvae reach the
prepupal stage, they wander from the food source looking for a dry place to pupate.
Pupation also lasts an average of 2 weeks at temperatures between 21 °C and 28 °C, but

6

can vary tremendously (Furman et al 1959). According to Bondari and Sheppard (1987),
the average life cycle of the black soldier fly under optimum conditions is 4-5 weeks.
However, with low temperatures and a limited food supply, the life cycle can be extended
up to several months. Once emerged, adult black soldier flies do not require additional
nutrition to mate and reproduce and instead live on the fat body energy stores built up
during their larval stages (Tomberlin et al 2002), making black soldier flies easy to
maintain in colony. Mating usually occurs with 2 d old adults (Tomberlin and Sheppard
2002). Adults from a colony in a lab environment normally live 6.0-7.1 d but this is
extended to 7.9-9.7 d when water is provided (Tomberlin et al 2002). The short adult
lifespan of the soldier flies will ensure that there is no adult overpopulation problem
when maintaining a large colony for waste management purposes.

iii. Role of nutrition on insect physiology and development
Black soldier flies can consume a wide range of organic waste. The composition
of organic material can potentially affect the physiology and developmental rate of the
flies. Although Tomberlin et al. (2002) states that black soldier flies have a larval stage
of 22 to 24 d at 27°C on three artificial diets, Tomberlin et al. (2005) later showed that
the larval stage can last over 40 d at 27°C when larvae were fed on lean pork,
demonstrating that the development of black soldier flies differs depending on the source
of larval nutrition. Ireland and Turner (2006) showed that there is a significant difference
in the development of the blow fly Calliphora vomitoria (Linnaeus) (Diptera:
Calliphoridae) when reared at a high density on a limited resource of pig liver, brain and
muscle. At a high density of I 00 larvae/I Og of food, larvae given pig liver and muscle
developed faster with adult eclosion of 20 and 21 days. High density oflarvae on brain
7

slowed down development to 27.5 days for adult eclosion. This demonstrates that at a
high density of 100 maggots/1 Og of food, Calliphora vomitoria larvae can have
difference in adult eclosion times ofup to 7.5 days depending on the type of food
resource. However, at a low density of maggots and an ample supply of the three
resources (50 maggots/1 Og of food), there is little difference in development time.

Calliphora vomitoria larvae might have developed faster in high densities on liver and
muscle since larvae are able to feed easier when in masses due to the abundant amount of
enzymes and digestive fluid excretions from the maggots (Ireland and Turner 2006).
Furthermore, the high density resulted in increased temperatures of up to 40°C, which
could have also resulted in faster development (Ireland and Turner 2006). Ireland and
Turner (2006) suggested that there is a delay in development of C. vomitoria at high
density on brain tissue because unlike liver and muscle, brain tissue was consumed at a
higher rate and completely depleted. This depletion of resource halted the development
of C. vomitoria larvae.
In addition, Clark et al (2006) also showed a difference in Lucilia sericata
(Meigen) (Diptera: Calliphoridae) development rate and size when reared on lung, liver
and heart from both cows and pigs, however, the state ofresource, whether whole
(chunked) or liquidized, had no effect on development time. Clark et al (2006) showed
that L. sericata larvae given beef resources took significantly longer to reach the
wandering stage and were smaller in size than those that fed on pork tissue. Although the
overall difference between lung, liver and heart of pork and beef is only 5 hours, larvae
fed beef liver took about 20 hours longer to wander than those fed pork liver.
Furthermore, the type of organ had a significant effect on development. Lucilia sericata
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larvae that were given lung and heart tissue wandered 29 .2 to 31 hours earlier and are
2.05 to 1.49 mm larger than those given liver. Clark et al (2006) suggest toxins that are
present in liver may inhibit development and growth.
Kaneshrajah and Turner (2004) studied the effects of pork lung, kidney, heart,
brain and liver on the development of Calliphora vicina (Robineau-Desvoidy) (Diptera:
Calliphoridae). Their study demonstrated that C. vicina larvae fed liver had a difference
in development rate with regards to maggot length and weight of up to two days slower
when compared to the other experimental tissues of lung, kidney, heart and brain.
Although diet can have a significant effect on the development of an insect, it can
also play a role in other life history traits. Andersen et al (2010) showed that Drosophila
melanogaster (Meigen) (Diptera: Drosophilidae) larvae fed a carbohydrate-rich growth

medium diet recovered faster from a cold shock than protein-rich diet fed larvae. The
opposite pattern occurs for heat stress. Larvae fed a carbohydrate-rich diet died quicker
than protein-rich diets when subject to heat stress and desiccation. Andersen et al (2010)
also discovered that males develop more successfully on a high carbohydrate-rich diet,
while females have a higher developmental success rate when fed a protein-rich diet.
Furthermore, females reared on a protein-rich diet also produced more eggs than those on
carbohydrates. This is because females use protein in egg production (Markow et al
1999). Not only does diet quality affect the number of eggs produced, but it can also
influence the percentage of successful male or female egg eclosion (Andersen et al.
2010). Blay and Yuval (1997) studied the effects of nutrition on reproductive success in

.,

the Mediterranean fruit fly. They discovered that male flies reared on a diet high in
protein had an earlier copulation occurrence and a significantly higher copulation rate

9

than the male controls with no protein. As stated above, protein is extremely important to
females because it is used in egg production. Protein is significant for males because it is
used to build muscle mass and energy for copulation (Andersen et al 2010). However,
males high in protein had a lower sperm transfer to the females when compared to the
control. In the insect world, many females can also re-mate many times to ensure the
most competitive sperm succeeds. Mediterranean female fruit flies had a lower
occurrence ofre-mating when her initial mate is a protein-fed male (Blay and Yuval
1997). Aluja et al. (2009) also showed that diet quality had a significant effect on the
time it took for copulation to occur, actual copulation length, copulation frequency and
re-mating for two species of fruit flies. It is clear that protein is of important significance
for insects for egg production and copulation. Therefore, it is predicted that black soldier
fly larvae will require a diet high in protein to successfully develop. Furthermore, a diet
balanced in fat should also be a requirement for black soldier fly larvae since black
soldier fly larvae need to build up a large storage of fat body for development and adult
survival.
Because black soldier fly prepupae reared in a waste management process could
be used as animal feed, nutrients will be cycled through the food web and as a result,
possible issues of toxins, heavy metals and bioaccumulation must be examined to prevent
transmission of environmental contaminants. Although heavy metals are naturally found
in biological systems, high doses of heavy metals are harmful because it causes oxidative
free radicals which can damage lipids, DNA and proteins (Bahadorani and Hilliker 2009).
Bohadronai and Hilliker (2009) discovered that heavy metals have both a physiological
and behavioral impact on D. melanogaster. High metal concentrations act as a deterrent
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to oviposition, however, low concentrations of certain metals such as iron and zinc
actually encouraged egg laying when compared to the control. Furthermore, larvae were
able to survive and develop on low metal concentrations but had difficulty developing on
high metal concentrations. When given a choice, D. melanogaster larvae avoided feeding
on the high metal concentration diet compared to the control or the medium metal
concentration diets. This demonstrates that D. melanogaster larvae actually have an
avoidance behavior for high doses of heavy metal. Interestingly, when larvae were
forced to consume a high metal concentration diet, they had a significantly reduced food
intake. Although fust and second D. melanogaster instars avoided feeding on the high
metal concentration, third instars were actually attracted to the high iron concentration.
This behavior could be the result of a high iron demand during pupation (Bahadorani and
Hilliker 2009).

High heavy metal concentrations also reduced adult longevity of D.

melanogaster.

iv. Behavioural Feeding Strategies
Insects need to acquire the proper nutritional requirements for growth and
reproduction. Westaby (1977) suggested four possibilities for plasticity in individuals to
have a varied diet instead of focusing on one optimal diet. Firstly, having a varied diet
over one optimal diet can reduce the search cost when optimal diet is scarce and
dispersed or when the search of optimal diet results in a predation risk that is too high.
Secondly, the diet that is considered optimum often changes due to abundance or
nutritional value. Thirdly, when an optimum diet cannot be determined due to
inconsistency, an individual will sample many diets. Lastly, different diets contain
different nutritional value and the diets can be adjusted to fulfill proper nutritional
11

requirements for growth and development and reproduction. Mayntz et al (2005) showed
that invertebrate predators can control their diet with regards to protein and lipid uptake
in situations when the nutrition in their diet is disproportionate. They tested three
different polyphagous species with different foraging methods. The ground beetle

Agonum dorsale (Pontoppidan) (Coleoptera: Carabidae) is extremely mobile. Agonum
dorsale were given the pretreatment food and the alternative food source at the same
time. Ground beetles that had been feeding on the pretreatment food diet rich in lipids
selectively foraged and consumed more protein-rich alternative diet than a lipid-rich diet.
Alternatively, A. dorsale pre-fed a protein-rich diet consumed more lipid-rich diet than
protein-rich diet to compensate for the nutritional imbalance. The second species is a
wolf spider Pardosa prativaga (L. Koch) (Araneae: Lycosidae) that is moderately
mobile: sitting and waiting for its prey while occasionally moving to different foraging
patches. The wolf spiders were offered a single food prey: fruit flies that were either rich
or poor in protein and lipids. The wolf spiders consumed more lipid rich fruit flies when
their pre-fed diet was high in protein and vice versa. Lastly, the desert spider

Stegodyphus lineatus (Latreille) (Araneae: Eresidae) is a web building spider that rarely
moves from its foraging site. Therefore, the prey abundance and nutritional content
available to the desert spider is random and out of the spider's control. Mayntz et al
(2005) showed that desert spiders who were pre-fed a protein poor diet took up more
nitrogen from a single fly prey than those fed a protein rich diet. Determining nitrogen
content is an acceptable and accurate means of estimating how much protein is in an
insect (Finke 2007). Stegodyphus lineatus can selectively take up specific nutrients from
a single prey to compensate to obtain the proper nutritional requirements. Mayntz et al
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(2005) were able to demonstrate many of the behavioural strategies that invertebrate
predators utilize to correct their nutritional imbalance.
Another strategy for insects to acquire the correct nutritional balance in their diets
is through intra-guild predation, including cannibalism. Intra-guild predation (IGP) is
when an individual preys on another individual within the same trophic level. Intra-guild
predation provides nutritional benefits, especially in cases where an individual consumes
mostly plants. Plants contain mostly carbohydrates while animals contain a significant
amount of protein (Polis et al 1989). Therefore, IGP can supply the necessary protein to
correct for this lack in a mostly plant-based diet (Polis et al 1989).
Cannibalism occurs in nature for a variety of reasons. Cannibalism can be in
induced by limited food or starvation, density dependent, behavior of victims and
availability of victims and physiological or psychological stress (Fox 1975). Chrysomya

albiceps (Wiedenmann) (Diptera: Calliphoridae) is a blow fly that only cannibalizes to
meet its nutritional requirements if there is a lack of carrion food or other prey species
(Faria et al., 2004). Wissinger et al. (2004) conducted a study on the caddisfly

Asynarchus n;griculus (Banks) (Trichoptera: Limnephilidae). Caddisfly are similar to
black soldier fly in that they do not feed as adults. As a result, they must obtain enough
energy in the larval stages for adult survival. Asynarchus nigriculus is a cannibalistic
species that mainly feeds on detritus. Wissinger et al. (2004) experimented with animal
material supplements and found that providing Caddisfly larvae with animal material
accelerated larval and pupal development, increased survival, and enhanced adult size
and fecundity. They found that the main source of animal material in the natural diet of
Caddisflies is obtained via cannibalism. They hypothesize that cannibalism occurs in the

Caddisfly in order to accelerate development so that they complete development in the
time constraints they have before early summer. Hopper et al ( 1996) determined that
cannibalism rarely occurred in dragonfly Epitheca cynosure (Say) (Odonata: Corduliidae)
larvae when larvae were the same age. However, when larvae had a size difference of
about two instars, cannibalism occurred 100% of the time. Cannibalism also helped
reduce the size difference in larvae in asynchronous hatching (Hopper et al 1996). When
asynchronous hatching occurs, cannibalism reduces the size variation between maggots
and helped the larvae develop synchronously. Hopper et al (1996) also discovered that
the occurrence of cannibalism also doubled when there was a presence of food when
compared to the absence of food. The number of eggs that the beetle Labidomera
clivicollis (Kirby) (Coleoptera: Chrysomelidae) cannibalizes is positively correlated to
the size of egg mass a female beetle lays (Dickenson 1992). Overall, cannibalism
increases the fitness of the cannibal by reducing competition and increasing limited
resources (Hopper et al., 1996).
Since there is no diet mixing in the study, black soldier fly larvae will not be able
to selectively forage food. However, black soldier fly larvae may be able to consume
more of a single diet if its nutritional content is well balanced. Like the desert spider, S.
lineatus, black soldier flies may even be able to selectively take up specific nutrients from
a single diet type to compensate to obtain the proper nutritional requirements. Black
soldier flies have also been documented to cannibalize dead maggots (Furman et al 1959)
and emerging adults. Larvae have been seen attacking an emerging adult's abdomen,
where there is a large fat body to consume (see Chapter 4). Therefore, cannibalism in
black soldier fly may be a behavioural mechanism for nutritional compensation.
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v. Objectives and Hypothesis
There are three objectives for the project, to determine: (1) the developmental rate
of soldier flies reared on different waste, (2) the range of organic waste black soldier flies
can reduce and (3) if cannibalism can be induced in black soldier flies
In Chapter 2 for my first objective, I hypothesized that although the rate of
development of black soldier fly may differ between different types of organic waste
diets, the final lengths and weights that the larvae reach will not significantly differ. I
predicted that if black soldier fly larvae are able to successfully survive and develop on a
given diet, there will be no difference in the final size (length and weight) of maggots
across diets. Although there may be a difference in the rate of development, there will be
no difference in the final size of maggots across diets because black soldier fly larvae will
be able to compensate for the nutriti0nal imbalance in their diets. This hypothesis is
tested by feeding the six diets to black soldier fly larvae: (1) control poultry feed, (2)
liver, (3) manure, (4) kitchen waste, (5) fruits and vegetables and (6) fish rendering.
Larvae will be sampled daily for their length, weight, mortality, and stage of development
daily.
In Chapter 3 for my second objective, I hypothesize that black soldier fly larvae
are able to consume a wide range of organic material ranging from pure meat to pure
vegetable organic wastes. I predict that fat content is important in black soldier fly larvae
organic waste consumption, with higher consumption rates on higher fat content wastes.
To test the hypothesis, black soldier fly larvae were fed 6 diets that were specifically
chosen to give the widest range of organic waste possible which includes an all meat diet
to an all vegetable diet. The six diets tested were: (1) control poultry feed, (2) liver, (3)
15

manure, (4) kitchen waste, (5) fruits and vegetables and (6) fish rendering. Kitchen waste
is composed of commercial/industrial waste and consists of hamburger buns, chicken
nuggets, and beef, chicken and fish patties. Fruits and vegetables waste contains iceberg
and romaine lettuce, kale, cucumber, watermelon, cantaloupe, peaches, spinach, pears,
grapes, pineapple, bell peppers, zucchini, squash, broccoli, tomatoes and apples. The
amount of waste reduction by black soldier fly larvae was recorded on a daily basis.
Nutritional analysis of the six diets was performed.
In Chapter 4 for my third objective, I hypothesize that cannibalism can be induced
in black soldier fly larvae. I predict that cannibalistic behavior can be induced in black
soldier fly larvae as a means to compensate for limited nutritional resources and to reduce
competition for space and resources. It is predicted that black soldier fly larvae will
cannibalize when there is limited food resource such that their nutritional requirements
are not being fulfilled. To test this hypothesis, eighty black soldier fly larvae in late
stages of development were placed in a petri dish with and without poultry feed.
Maggots were counted daily and cases of cannibalism were recorded.
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CHAPTER 2: DIET ON BLACK SOLDIER FLY
DEVELOPMENT AND LIFE HISTORY TRAITS
INTRODUCTION
Forensic entomology is the use of insects to aid in legal investigations, most
commonly to estimate the post mortem interval (PMI), or period of time between death
and discovery of the body, based on the period of insect activity on the body (Benecke
2001 ). Knowing the PMI can help investigators identify unknown victims and narrow
down who is a suspect or validate an alibi. The PMI is estimated by examining the oldest
insects on the corpse, often dipteran larvae, and by utilizing the developmental records
for that particular species to determine the age of the insect. Flies are attracted to corpses
minutes after death and can oviposit in as quickly as an hour (Anderson and
VanLaerhoven 1996). As a result, the age of the oldest insects is usually comparable to
the time of death. However, an insect's development is dependent on many factors,
especially temperature and resource, thus it is important to understand the role of these
specific factors on development of the specific insect species utilized as forensic
evidence.
Nutrition plays an important role in how an insect develops both physically and
physiologically. Ireland and Turner (2006) showed that the blow fly, Calliphora

vomitoria (Linnaeus) (Diptera: Calliphoridae) reared at a high density on a limited
resource of pork liver, brain and muscle can have a developmental difference of up to 7 .5
days depending on resource. Kaneshrajah and Turner (2004) showed Calliphora vicina
(Robineau-Desvoidy) (Diptera: Calliphoridae) larvae fed liver developed up to two days
slower when compared to the other experimental tissues of lung, kidney, heart and brain.
Similarly, Clark et al (2006) demonstrated that Lucilia sericata (Meigen) (Diptera:

Calliphoridae) developed at a faster rate on pork than on beef. Furthermore, larvae fed
lung and heart were larger than those fed on liver. Drosophila melanogaster (Meigen)
(Diptera: Drosophilidae) larvae recover differently from cold shock and heat stress
depending on whether their diet was carbohydrate-rich or protein-rich (Andersen et al
2010). When fed a high protein diet, females produce more eggs (Andersen et al 2010)
and males had an earlier copulation occurrence and a higher copulation frequency (Blay
and Yuval 1997). Insects are constantly struggling to acquire the proper nutrition for
development and reproduction. When these nutritional requirements are not met, insects
have many techniques to compensate for their nutritional imbalance (Mayntz et al 2005
Polis et al 1989, Faria et al 2004).
The Black soldier fly, Hermetia illucens (Linnaeus) (Diptera: Stratiomyidae) is
unique in carrion fly because it car. be found early or late stages of decomposition
(Tomberlin et al. 2005, Lord et al. 1994). Due to their relatively long life cycle of
approximately 40 days (Tomberlin et al. 2002, Furman et al 1959, Sheppard et al 1994)
with the larval stage lasting about 22 to 24 days at 27°C (Tomberlin et al. 2002) they are
of use in estimating PMI over a long period. However, in comparison with blow flies,
very little is known about the biology of the black soldier fly, making it's utility as
forensic evidence limited until further knowledge regarding the role of abiotic and biotic
factors on its development can be ascertained.
Black soldier flies can consume a wide range of decomposing organic material
from compost and fruits to manure (James 1935); however the impact of these different
resources on their development and other life history traits is currently unknown. All of
the feeding is done in the larval stage, with larvae acquiring a large fat body to utilize as
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energy for pupation, adult survival and reproduction (Tomberlin et al 2002). Because of
their wide diet breadth, the black soldier fly is of interest for use in organic waste
management where it could potentially be used to rapidly breakdown wastes, reducing
their environmental impact and providing some value-added benefit through use of the
larvae as a feedstock.
The purpose of this study is to determine if black soldier flies can successfully
develop on different waste diets. Black soldier flies are predicted to have a different rate
of development when reared on six different types of organic waste. Larvae may develop
at a faster rate on waste that is high in fat, to acquire a large fat body to further their
development, or protein content, which important in egg production and copulation.
Although the rate of development may vary depending on diet, it is not expected that
maggots in the final larval stage will differ with respect to length and weight due to the
many behavioural feeding mechanisms insects have to compensate for nutritional
imbalances in their diet.

MATERIALS AND METHODS
A colony of black soldier fly was started from larvae obtained from
Dr. Craig Sheppard (Georgia, USA, via RECORP Inc, in Georgetown, ON). Adult black
soldier flies were maintained in a 3 x 3 x 6 m cage with an artificial plant in a
greenhouse, providing natural sunlight and space for mating and oviposition. Additional
light was provided using 400 watt high pressure sodium lights to maintain a 14: I O light
day throughout the year. Temperature was maintained between 20-35°C throughout the
year. Adults were provided water droplets using a misting system set to mist for I
minute, twice per day, which also maintained humidity above 30% RH. Oviposition
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sites were provided by taping 8 x 4 cm corrugated cardboard to the side of a 50 x 25 cm
container holding poultry feed (Agribrands Purina Canada Inc) that is 17% crude protein,
2.5% crude fat, 4.5% crude fiber and saturated with water. Cardboard flutes containing
eggs were placed in a 5 x 5 x 3 cm container covered with black Weedstop Professional
Landscape Fabric and placed in a growth chamber at 28°C, 60±10% RH, 24 hour light
cycle. Once eggs eclosed, first instars were fed the control poultry feed diet (70%
moisture based on preliminary experiments, 10 g food with 21 ml water). Larvae fed for
4 d, then 150 maggots were selected per replicate and placed into 30 x 30 x 6.5 cm
container covered with black fabric mulch for each type of waste diet and placed into a
growth chamber at 28°C and ea. 60± 10% RH. There were six types of organic waste
diets tested: (1) control poultry feed, (2) pig liver, (3) pig manure, (4) kitchen waste, (5)
fruits and vegetables and (6) fish rendering. Manure was obtained from a pig farm in
Ridgetown, Ontario. Both kitchen waste and fruits and vegetables were supplied by
restaurants and grocery stores in Windsor, Ontario. Kitchen waste is composed of
commercial/industrial waste and consists of hamburger buns, chicken nuggets, and beef,
chicken and fish patties. Fruits and vegetables waste contains iceberg and romaine
lettuce, kale, cucumber, watermelon, cantaloupe, peaches, spinach, pears, grapes,
pineapple, bell peppers, zucchini, squash, broccoli, tomatoes and apples. Fish renderings
were supplied from a fishery in Kingsville, Ontario. To keep the diets as consistent as
possible, about 100 pounds of each type of waste was individually ground to create a
homogeneous diet mixture. The diets were packaged in ziploc sandwich bags 16.5 x 15
cm and kept frozen until needed throughout the experiment. Frozen diet was thawed 24 h
prior to use.
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Each of the 6 diet treatments started with 150 4-day old maggots and 6 g of waste.
Every day, the old diet was removed and new diet provided. When the maggots had
reduced the diet by 25% in weight, the daily amount of diet provided to the maggots was
increased by 5 g. Every day the number of surviving maggots was counted (as a measure
of mortality) and stage of development (larval, wandering, pupal or adult) was recorded.
These maggots were treated as "handled" maggots. Ten samples of 3 maggots per
sample were used to measure maggot weight due to the sensitivity of the available scale.
A sample of 10 maggots was used to record the length, taken as the longest measure
when crawling. Weight and length data collection ceased when 40% of maggots reached
the wandering stage (prepupal stage), indicated by the completely black colour of the
maggot and lack of feeding. Mortality and stage of development records were
continuously recorded until all individuals either emerged as adults or died.
In order to correct for any potential effect of daily handling on the development of
the flies, a second set of control replicates was conducted at the same time with maggots
reared on each diet exactly as described above, however the maggots were not measured
daily, nor was diet removed. These maggots were labeled "unhandled" maggots. Fresh
diet was added at the same rate as for the handled treatments. When 40% of the maggots
in the previous "handled" treatment reached the wandering stage, mortality, weight and
length were measured as above.
Six replicates were conducted, with each replicate originating from one generation
of black soldier fly. The order of diet and maggots sampled was in a latin square pattern.
Waste samples were sent to Maxxam Analytics for nutritional analysis.
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Statistical Analysis
ANOVA was used to test for differences in development time with regards to
minimum, median and maximum time to reach the wandering, pupal and adult stage of
development with LSD means separation. Statistical analysis was performed on
transformed data; however results shown are original data. Minimum time taken to reach
wandering stage and the minimum and median time to reach adult emergence was log
base 10 transformed to satisfy normality and equal variances. Similarly, minimum pupal
time was transformed by (1/x). With the exception of median time taken to reach
wandering stage because it could not be transformed, a non-parametric ANOV A
(Kruskal-Wallis independent samples) was performed.
To test the effects of handling on development, a non-parametric ANOVA
(Kruskal-Wallis Independent Samples) test was performed to see if there is a difference
between the "handled" and "unhandled" counterparts across treatment for development
rate, with an LSD corrected post hoe to test the effects of handling with regards to length
and weight measurements.
The rate of maggot weight gain and rate of maggot length increase was calculated
by creating a scatter plot for each type of waste treatment of each replicate and then
excluding data on the upper and lower curved ends prior to conducting a linear
regression. For the rate of maggot weight gain/day, a non parametric ANO VA was
performed (Independent-samples Kruskal-Wallis), whereas maggot length increase/day
was analyzed using an ANOV A with an LSD corrected post hoe. The final maggot
weight and length was determined by measurements taken when 40% of maggots from

27

· the "handled" treatment had reached the wandering stage and analyzed using ANOVA
with an LSD corrected post hoe means separation.
Mortality was recorded from each waste diet at the wandering, pupal and adult
stages of development. For the wandering stage, these data were log base 10 transformed
for normality and equal variances then analyzed using an ANOVA with an LSD corrected
post hoe means separation, however, results are presented as untransformed data. A non
parametric ANOVA (Kruskal-Wallis Independent samples) test was used to analyze
mortality at the pupal and adult stages.
Nutritional analysis of the six types of waste diets was conducted by Maxxam
Analytics.

RESULTS
Results show that there is a significant difference in development time for
minimum, median and maximum days it takes for maggots to reach wandering, pupal and
adult stages of development due to the different waste diets (Table 1). Maggots reared on
manure generally took the longest to develop to the wandering stage (minimum 25±0.51
days, median 34±1.39 days, maximum 45.67±1.35 days), followed by fruits and
vegetables (minimum 21.67±0.33 days, median 28.67±0.76 days, maximum 40.33±1.54
days) and then the remaining four other diets (minimum N=36, Fs,30=17.4, p<0.001,
median N=36, x2 =27.70, df=5, p<0.001, maximum N=36, Fs,30=10.15, p<0.001).
Maggots reared on manure (minimum 38.17±1.49 days, median 48.67±2.47 days),
followed by fish (minimum 42.60±2.89 days, median 43.40±2.85 days) and then fruits
and vegetables (minimum 33.83±0.47 days, median 42.17±1.62 days) had longest
minimum (N=36, F 5,29=7.61, p<0.001) and median (N=35, Fs,29=8.96, p<0.001) times to
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· reach the pupal stage (Table 1). Maggots reared on manure had the longest maximum
time (64.50±4.16 days), followed by fruits and vegetables (54.67±3.09 days) to reach the
pupal stage, whereas those reared on liver had the shortest maximum time taken to reach
pupation (39.33±1.47 days) (N=35, F5,29=7.08, p<0.001).
Maggots reared on fish (minimum and median 55.00±0 days), and manure
(minimum 45±1.21 days, median 55.33±2.14 days) had the highest minimum (N=32,
Fs,26=9.58, p<0.001) and median (N=32, Fs,26=11.50, p<0.001) times taken to reach adult
emergence, followed by fruits and vegetables (minimum 42.67±1.05 days, median
49.33±1.25 days) (Table 1). The longest maximum time to adult emergence were those
reared on manure (73.50±3.12 days) followed by fruits and vegetables (68.50±3.29 days)
(N=32, Fs,26=5.85, p<0.001). Those reared on liver once again had the shortest maximum
time taken to reach adult emergence (49.00±2.06). Manure, fruits and vegetables, and
fish generally had overall longer developmental times taken to reach wandering, pupae
and adult stages than that of the other waste diets.
Handling maggots daily had a significant effect in their speed of development as
well as their final length and weight. In the handled treatments reared on liver, there were
51.41 % more wandering maggots at the end point of the experiment compared to its
unhandled counterpart and manure had 45.46% more wandering maggots compared to its
unhandled counterpart (Figure 1; N=72, chi square=54.46, df=l 1, p<0.001). With the
exception of maggots reared on liver and poultry feed, maggots reared on all other waste
diets were shorter in length when handled than when unhandled (Figure 2; N=72,
F 11 ,60=13.38, p<0.001). Only maggots reared on poultry feed were not lighter when
handled than those that were unhandled as handling resulted in decreased weight for
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· maggots reared on all the other waste diets (Figure 3; N=72, F 11 ,60=14.26, p<0.001).
There was a difference in rate of maggot weight gain/day (Figure 4; N=36, chi
square=28.58, df=5, p<0.001) and rate of maggot length increase/day (Figure 5; N=36,
Fs,30=14.38, p<0.001) for maggots reared on different waste. Maggots generally had a
higher rate of weight gain and length increase in poultry feed (62.29 mg/3 maggots/day,
0.12 cm/day), kitchen waste (56.93 mg/3 maggots/day, 0.14 cm/day), and liver (51.56
mg/3 maggots/day, 0.13 cm/day). Manure had the slowest rate for both weight gain
(17.69 mg/3 maggots/day, 0.07 cm/day) and length increase. There was also a difference
in both final maggot weight (Figure 6; N=36, F5,30=14.41, p<0.001) and final maggot
length (Figure 7; N=36, Fs,30=10.99, p<0.001). Similar to the per day increases in weight
and length, ther final weights and lengths of maggots were greatest on poultry feed
(552.96 mg/3 maggots, 2.048 cm) and kitchen waste (519.65 mg/3 maggots, 2.08 cm),
followed by liver (4 73 mg/3 maggots, 1.95 cm). Maggots reared on manure once again
had the lowest final weight (339 mg/3 maggots) and length measurements (1.76 cm).
The number of maggots that successfully reach each stage of development
differed when reared on different waste diets: wandering stage (Figure 8; N=36,
Fs,30=7.32, p<0.001), pupal stage (Figure 9; N=36, chi square=27.97, df=5, p<0.001) and
adult stage (Figure 10; N=37, chi square=27.52, df=5, p<0.001). The highest overall
mortality was observed from those reared on fish renderings at 52. 77% for the wandering
stage, 98.55% for the pupal stage and 99.66% at the adult stage. Those reared on liver
had the next highest mortality of 42.77%, 79.11 % and 84.55% at wandering, pupal and
adult stages, respectively. The third highest rates of mortality occurred on kitchen waste,
at 53.33%, 58.77% and 61.22% respectively for the three developmental stages.
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Nutritional analysis show that kitchen waste, liver and fish generally have a
higher nutritional content than the control feed (Table 2; 322 KJ/lOOg, 13.3 g carbs/lOOg,
4.47 g protein/lOOg, 77 g calories/lOOg and 0.626 g fat/lOOg). Kitchen waste contains
the highest energy content (583 KJ/lOOg), carbs (16.3 g/lOOg) and calories (139/lOOg)
and relatively high fat (5.62 g/lOOg) and protein (5.86 g/lOOg) content compared to the
other diets. Liver has the highest protein content by far (19.41 g/lOOg) and relatively
high energy (468 KJ/lOOg), calories (112 /lOOg), fat (3.25 g/lOOg) and carbs (1.2
g/lOOg). Fish contains the highest fat content (6.55 g/lOOg) and relatively high energy
(380 KJ/lOOg), protein (9.05 g/lOOg) and calories (91 /lOOg). Carbs content in fish is
undetectable. Manure and fruits and vegetable waste have lower nutritional content than
control feed. Fruits and vegetables has the lowest energy (68.5 KJ/lOOg), protein (0.9
g/1 OOg), calories (16.5/1 OOg) and fat content (0.0675 g/lOOg) and a fairly low carbs
content (3.05 g/lOOg). Manure also have low energy (129 KJ/lOOg), carbs (5 g/lOOg),
proteins (2.38 g/lOOg), calories (31/lOOg) and fat (0.148 g/lOOg) content.

DISCUSSION
Overall, manure, fruits and vegetables, and fish had longer developmental times
taken to reach wandering, pupal and adult stages. Manure and fruits and vegetables may
have performed poorly because they have the lowest nutritional content. Manure and
fruits and vegetables have the lowest energy (as measured by calories), protein, and fat
content. Since black soldier fly adults do not eat, they need to accumulate a large fat
body in their larval stage to maintain adult survival (Sheppard et al 1994). As a result, it
is reasonable to conclude that larvae will take longer to acquire their fat body and take
longer to complete their development if the only resource they have are diets that are low
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· in fat. Maggots reared on kitchen waste, which has the second highest fat content
following fish, developed just as fast or even faster in some instances than control feed.
On the other hand, maggots reared on fish do not have the fastest development time for
adult emergence because fish waste may contain too much fat. Soldier fly larvae may
have a hard time metabolizing too much fat during the metamorphosis processes into an
adult fly. Another reason why soldier fly larvae may have a hard time developing on fish
is because fish waste may contain heavy metal contamination, which was not measured in
this study. According to Bohadorani and Hilliker (2009), Drosophila melanogaster
(Meigen) (Diptera: Drosophilidae) did not oviposit on mediums containing high
concentrations of heavy metals because their offspring would not be able to develop very
well on it.
Another reason why manure and fruits and vegetables may have had longer
developmental times is because they are lower in protein, which is required for egg
production in females (Markow et al 1999) and copulation frequency and occurrence time
in males (Blay and Yuval 1997). Wissinger et al. (2004), showed that providing animal
resources accelerated the development of caddisfly larvae Asynarchus nigriculus (Banks)
(Trichoptera: Limnephilidae) when compared to a detritivore' s diet by as much as 7-10
days earlier adult emergence. This can also explain why maggots developing on liver had
the fastest developmental times overall, followed by kitchen waste. Kitchen waste is
composed of restaurant waste which contains protein from meat products. Maggots
reared on kitchen waste had one of the highest rate of weight gain and length increase
which may be due to the fact that kitchen waste has the highest calorie content, as well as
the most balanced content of fat and protein.
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Results for maggots reared on the six different organic wastes reveals that
resource can have a significant effect on mortality. Diets that have the highest mortality
included kitchen waste, fish and liver. The maggots reared on fish had almost 100%
mortality at the adult stage, meaning all larvae reared on fish will die before they reach
the adult stage, possibly due to bioaccumulation of heavy metal contamination in the fish
food web. Fish renderings were collected from Kingsville, ON fisheries. Gregory et al.
(2005) sampled water, sediment and fish samples from 12 lakes in Sudbury, Ontario.
They discovered that some lakes had particular metal concentrations that violate the
Ontario Provincial Water Quality Objectives by as much as an order of magnitude and
fish contained high levels of Cd, Cu, Ni and Zn (Gregory et al. 2005). Fish can take up
the heavy metals in the water through their diet or absorption from the water (Gregory et
al. 2005).
The second highest adult mortality was on a diet ofliver. As liver is the primary
organ that filters toxins from the body, maggots reared on liver may have a high mortality
due to the presence of toxins in liver. Black soldier flies have been known to be sensitive
to pesticides such as Cryomazine. Larvae had a mortality rate of 8.6% to 100% before
reaching wandering stage for concentrations of 0.0585 ppm to 1.5 ppm, which is lower
than the recommended concentration to reduce house flies of 5 ppm (Tomberlin et al
2002). Furthermore, liver, fish and kitchen waste are also the stickiest out of the six types
of wastes. This could cause high mortality by limiting the maggot's movement and
molting. Maggots may have expended the majority of their energy moving around in
these sticky waste substances instead of allocating the energy to further development.
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This is especially true for very young soldier fly larvae on liver as liver was susceptible to
drying out quickly, trapping and drying up young larvae feeding upon it.
Type of diet significantly affect black soldier flies ability to develop with respect
to developmental rates, size of larvae, and mortality. It is important to know the effect
resource has on development of black soldier flies in forensic entomology where larval
age is used to estimate PMI. Black soldier fly larvae were able to successfully consume
the six organic waste diets which gives them great potential to be used as an agent for
organic waste management. However, before the waste management system can be
implemented, future research needs to be conducted which include testing for possible
bioaccumulation of toxins and heavy metals in larvae and the ability of black soldier fly
adults to successfully mate and reproduce when reared on organic waste diets.
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Figure 1. Mean (±SE) difference in percentage of maggots that reached the
prepupal stage at the end of experiment between handled and unhandled maggots
for six different waste treatments. The baseline zero represents unhandled
maggots, while the bars represent handled maggots. Treatments with an asterisk
represent a significant difference between their handled and unhandled
counterparts (N=72, chi square=54.465, df=l 1, p<0.001).
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counterparts (N=72, Fll,60=13.388, p<0.001).
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A. Minimum
Wandering

Diet

(mean davs ±S.El

Pupae
(mean davs +S.E)

Adult
(mean davs +S.El

Feed

20.17 ± 0.477 (C)

31.67 ± 1.174 (B)

38.83 ± 1.276 (D)

Liver

19.17 ± 0.601 (C)

31.83 ± 1.195 (B)

40.17 ± 1.447 (CD)

Manure

25 ± 0.516 (A)

38.17 ± 1.493 (A)

45 ± 1.211 (B)

Kitchen Waste

20.17 ± 0.543 (C)

32.83 ± 1.078 (B)

40 ± 1.155 (CD)

Fruits & Vegetables 21.67 ± 0.333 (B)

33.83 ± 0.477 (B)

42.67 ± 1.054 (BC)

Fish

42.60± 2.891 (A)

55.00±0(A)

19.83 ±0.543 (C)

Test Statistic

(N=36, F5,30 =17.4,

(N=36, Fs,29=7.614,

(N=32, F s,25=9.582,

p<0.001}

p<0.001}

p<0.001)

B. Median
Diet

Wandering
(mean days+ S.El

Pupae
/mean davs +S.El

Adult
/mean davs +S.El

Feed

23 ± 0.632 (BC)

35.17 ± 1.276 (C)

43.17 ± 1.302 (C)

Liver

22.50 ± 0. 719 (C)

34.17 ± 2.072 (C)

42.17 ± 1.887 (C)

Manure

34 ± 1.390 (A)

48.67 ± 2.472 (A)

55 .33 ± 2.140 (A)

Kitchen Waste

23.83 ± 0.401 (BC)

35.33 ± 1.282 (C)

43.33 ± 1.256 (C)

Fruits & Vegetables 28.67 ± 0. 760 (AB)

42.17 ± 1.621 (B)

49.33 ± 1.256 (B)

43.40 ± 2.857 (AB)

55.00 ± 0 (AB)

(N=36, X =27. 709,

(N=35, F s,29=8.969,

(N=32, F 5, 26 =11.502,

df=S, p<0.001)

p<0.001}

p<0.001)

26.50 ± 0.992 (ABC)

Fish

Test Statistic

c.

2

Maximum
Pupae

Wandering

Diet

(mean davs + S.El

(mean davs +S.El

Adult
(mean davs +S.El

Feed

30 ± 0.856 (D)

53.83 ± 3.591 (B)

63.00 ± 4.082 (BC)

Liver

32.17 ± 2.167 (CD)

39.33 ± 1.476 (C)

49.00± 2.066 (D)

Manure

45.67 ± 1.358 (A)

64.50 ± 4.169 (A)

73.50± 3.128 (A)

Kitchen Waste

32.50± 1.875 (CD)

45.50 ± 3.528 (BC)

57.17 ± 4. 722 (CD)

54.67 ± 3.095 (B)

68.50 ± 3.294 (AB)

Fruits & Vegetables 40.33 ± 1.542 (AB)
Fish

36 ± 2. 745 ( BC)

46.60 ± 3.614 (BC)

60.00 ± 5.00 (CD)

Test Statistic

(N=36, F s,30=10.150,

(N=35, F s,29=7.088,

(N=32, F s,25=5.859,

p<0.001}

p<0.001)

p<0.001}

Table 1. Minimum, median and maximum time taken to reach prepupal, pupal
and adult stage of development (mean days ± S.E). Within column and section
means followed by the same letter are not significantly different (p>0.05).
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Feed

Liver

Manure

Kitchen
Waste

Fruits &
Vegetables

Fish

KJ(/lOOg)

322

468

129

583

68.5

380

Ash (g/lOOg)

6.3

1.4

3

0.9

0.4

3.6

Calories (/lOOg)

77

112

31

139

16.5

91

Proteins (g/lOOg)

4.47

19.41

2.38

5.86

0.9

9.05

Fats (g/lOOg)

0.626

3.25

0.148

5.62

0.0675

6.55

Saturated Fatty
Acids (g/lOOg)

0.23

1.3

0.108

1.69

0.0245

1.64

CisMonounsaturated
Fatty Acids
(g/lOOg)

0.217

0.608

0.013

2.33

0.0085

2.95

CisPolyunsaturated
Fatty Acids
(g/lOOg)

0.095

1.17

0.004

1.2

1.56

Trans-Fatty Acids

0.034

0.025

0.014

0.123

0.03
<0.001

0.079

Omega-3
Polyunsaturated
Fatty Acids

0.005

0.139

<0.001

0.099

0.014

1.02

Omega-6
Polyunsaturated
Fatty Acids

0.09

1.03

0.003

1.1

0.016

0.544

Carbs (g/lOOg)

13.3

1.2

5

16.3

3.05

ND

Moisture (g/lOOg)

75.2

74.7

89.5

71.3

95.6

81.9

Table 2. Nutritional analysis of six different types of waste treatment diets
performed by Maxxam Analytics.
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CHAPTER 3: BLACK SOLDIER FLY AS AN AGENT FOR WASTE
MANAGEMENT
INTRODUCTION
Accumulating organic waste is a problem for many nations. Countries are
producing more waste with fewer ways to dispose of them. In 2002, Canada produced
30.4 million tonnes of solid waste and the most common method of disposing this waste
is in landfills (Cameron et al. 2005). In 2000, Canadian landfills received 23 tonnes of
waste (Cameron et al. 2005). Household waste accounts for 39% (12 million tonnes in
2002) of all the waste produced, with approximately 40% of household waste being
organic and 26% being paper (Cameron et al. 2005). Landfills create problems such as
leachate, landfill gases, odours and attract pests. Landfills are also reaching capacity and
closing. It is reported in 2000 that only 70% of the remaining landfills had a life
expectancy of more than ten years. Unconventional methods dealing with these wastes
must be explored. A potential solution to part of this problem may be the use of black
soldier flies, Hermetia illucens L. (Diptera: Stratiomyidae ). By using black soldier flies,
the 40% organic waste portion could be diverted from going into landfills.
Black soldier flies are a large fly that can consume a wide range of organic
material from fruits and vegetables to animal remains and manure (James 1935). These
flies are naturally found in confined animal facilities where manure accumulates such as
poultry houses (Tingle et al. 1975). Sheppard et al. (1994) showed that black soldier flies
can be used to reduce manure waste by 50%. Black soldier fly larvae do not carry
bacteria or diseases. In fact, the larvae are capable of inactivating E. coli and Salmonella
(Erickson et al 2004). Adult black soldier flies do not require additional nutrition for

49

survival and are non-pests as they don't enter houses and have a short adult life span
(Tomberlin et al 2002). Because adult black soldier flies do not eat, the larva must
accumulate a large fat body needed for development and adult survival. Hale (1973)
determined that black soldier fly larvae have approximately 45.2% crude protein and
31.4% fat, which gives black soldier fly prepupae an estimated value of $3 30/tonne when
used as feed (Newton et al 2005). Studies have shown that black soldier fly prepupae are
an acceptable meal replacement for animals such as cockerels, pigs, catfish and tilapia
(Newton et al 1977, Bondari and Sheppard 1981 ). Sheppard et al. (1994) calculated that
with a poultry house with 100,000 hens, 52.8 tonnes of prepupae can be produced. Not
only can black soldier flies be used as an agent for waste management to reduce organic
wastes in the environment, but they also have value as feed. It is predicted that black
soldier fly larvae will be able to reduce (consume) all six types of organic waste diets to
be tested. However, it is predicted that black soldier fly larvae will be able to consume
more waste that is higher in fat content as the larvae need to acquire a large fat body to
further development and maintain adult survival.
MATERIALS AND METHODS

A colony of black soldier fly was started from larvae obtained from
Dr. Craig Sheppard (Georgia, USA, via RECORP Inc, in Georgetown, ON). Adult black
soldier fly were maintained in a 3 x 3 x 6 m cage with an artificial plant in a greenhouse,
providing natural sunlight and space for mating and oviposition. Additional light was
provided using 400 watt high pressure sodium lights to maintain a 14: 10 light day
throughout the year. Temperature was maintained between 20-35°C throughout the year.
Adults were provided water droplets using a misting system set to mist for 1 minute,
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twice per day, which also maintained humidity above 30% RH. Oviposition sites were
provided by taping 8 x 4 cm corrugated cardboard to the side of a 50 x 25 cm container
filled with poultry feed (Agribrands Purina Canada Inc) that is 17% crude protein, 2.5%
crude fat, 4.5% crude fiber and saturated with water. After oviposition, cardboard flutes
containing eggs were placed in a 5 x 5 x 3cm container covered with black Weedstop
Professional Landscape Fabric and were placed in a growth chamber at 28°C, 60±10%
relative humidity, 24 hour light cycle. Once eggs eclosed, first instars were fed the
control poultry feed diet (70% moisture based on preliminary experiments, 1Og food with
21 ml water). Larvae fed for 4 d, then 150 maggots were selected per replicate and placed
into 30 x 30 x 6.5 cm container covered with black fabric mulch for each type of waste
diet and placed into a growth chamber at 28°C and ea. 60±10% relative humidity. There
were six types of organic waste diets tested: (1) control poultry feed, (2) pig liver, (3) pig
manure, (4) kitchen waste, (5) fruits and vegetables and (6) fish rendering. Manure was
obtained from a pig farm in Ridgetown, Ontario. Both kitchen waste and fruits and
vegetables were supplied by restaurants and grocery stores in Windsor, Ontario. Kitchen
waste is composed of commercial/industrial waste and consists of hamburger buns,
chicken nuggets, and beef, chicken and fish patties. Fruits and vegetables waste contains
iceberg and romaine lettuce, kale, cucumber, watermelon, cantaloupe, peaches, spinach,
pears, grapes, pineapple, bell peppers, zucchini, squash, broccoli, tomatoes and apples.
Fish renderings were supplied from a fishery in Kingsville, Ontario. To keep the diets as
consistent as possible, a vast quantity of each type of waste was individually ground to
create a homogeneous diet mixture. The diets were packaged in ziploc sandwich bags
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16.5 x 15 cm and kept frozen until needed throughout the experiment. Frozen diet was
thawed 24 h prior to use.
Each of the 6 diet treatments started with 150 4-day old maggots and 6 g of waste.
Every day, the old diet was removed and weighed and new diet was weighed and
provided. When the maggots had reduced the diet by 25% in weight, the daily amount of
diet provided to the maggots was increased by 5 g. Every day, maggots were removed
from waste and remaining old waste was weighed to determine the amount of waste
reduced by black soldier fly larvae daily. These maggots were labeled "handled"
maggots.
In order to correct for any potential effect of daily handling on the development of
the flies, a second set of control replicates was conducted at the same time with maggots
reared on each diet exactly as described above, however the maggots were not measured
daily, nor was diet removed. These maggots were labeled "unhandled" maggots. Fresh
diet was added at the same rate as for the handled treatments. When 40% of the maggots
in the previous "handled" treatment reached the prepupal stage, final maggot weight and
length were measured. Ten samples of 3 maggots per sample were used to measure
maggot weight due to the sensitivity of the available scale. A sample of 10 maggots was
used to record the length, taken as the longest measure when crawling.
A third set of control replicates was conducted at the same time as described in

the above manner, however, this control contains no maggots. This control was to
account for any reduction in weight of waste due to water evaporation or bacterial
decomposition. The daily waste reduction as a result of the black soldier fly was
corrected by this dehydration loss.
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Six replicates were conducted, with each replicate originating from one generation
of black soldier fly. The order of diet and maggots sampled were in a latin square
pattern. Nutritional analysis was conducted on the six samples of organic waste by
Maxxim Analytics. Prepupae samples were sent to AGAT laboratories for nutritional
analysis.

Statistical Analysis
The waste reduction was recorded as amount of waste reduced in grams/I 0
maggots per day. Rate of waste reduction (consumption) increase over time was
analyzed by linear regression, excluding the non-linear data at either end of development.
These data were cubed root transformed prior to analysis by ANOV A with an LSD
corrected post hoe. Results presented are of original untransformed data. A non
parametric ANOVA (Independent-samples Kruskal-Wallis) was performed for the
second type of data analysis for waste reduction: mean waste reduced per day for each
type of waste. Unhandled maggot weight and length was compared by ANOVA with an
LSD corrected post hoe means separation.
Nutritional analysis for six types of organic waste diets was conducted by
Maxxim Analytics. Nutritional analysis of prepupae fed on each waste diet was
conducted by AGAT laboratories.

RESULTS
The rate of waste reduction (consumption) increased over time as the maggots
developed for all waste diets, however it increased faster for some diets than others
(Figure 1; N=36, F 5,30=12.97I, p <0.001). The rate of waste reduction (consumption) of
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kitchen waste increased the fastest (0.2284 g/10 maggots/day), followed by feed (0.1486
g/10 maggots/day) and fruits and vegetables (0.1204 g/10 maggots/day).
The overall mean waste consumption per day differed between waste diets (Figure
2; N=775, Chi-square=76.034, df=5, p<0.001), with kitchen waste consumed the fastest
(1.0101 g/10 maggots) and fruits and vegetables following in second (0.8544 g/10
maggots).
Final maggot weight (Figure 3; N=36, F5,3o=6.055, p=0.001) and length (Figure
4; N=36, Fs,30=4.396, p=0.004) differed for unhandled maggots when reared on different
waste diets. Kitchen waste produced the heaviest maggots (679.88 mg/3 maggots), with
no difference between the remaining waste diets. Kitchen waste also produced the
longest maggots (2.22 cm), followed by fruits and vegetables (2.16 cm) and manure (2.16
cm).
The waste diet that had the highest energy, calories and fat content was fish
(Table 1; 2099.44 KJ/lOOg, 502.76 calories/lOOg, 36.18g fat/lOOg) and kitchen waste
(2031.35 KJ/lOOg, 484.32 calories/lOOg, 19.58 g fat/lOOg). Manure (1228.5 KJ/lOOg)
and feed (1298.38 KJ/lOOg) diets had the lowest amount of energy. Manure also had the
lowest amount of calories (295 .23 /1 OOg) and fat ( 1.40 g/1 OOg). Based on available data,
maggots fed on fish (233 kcal/I OOg, 19.4 g protein/I OOg, 11.6 g fat/1 OOg, 12. 7 g
carbs/lOOg) and liver (214 kcal/lOOg, 21 g protein/lOOg, 8.39 g fat/lOOg, 13.7 g
carbs/1 OOg) had higher nutritional content in terms of calories, proteins, fats and carbs
than those fed on feed (130 kcal/lOOg, 14.7 g protein/lOOg, 4.02 g fat/lOOg, 8.75 g
carbs/1 OOg) (Table 2).
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DISCUSSION
Black soldier fly larvae may prefer kitchen waste because it has the highest
energy and fat content compared to other wastes excluding fish. Black soldier fly larvae
may want to consume diets with the highest fat content to build up a fat body to complete
development. Black soldier fly adults do not require additional nutrition for survival and
reproduction, and therefore, acquiring a large fat body during the larval stages are
essential (Tomberlin et al 2002).
Although fish had a similar energy and fat content to kitchen waste, it may also
contain an accumulation of heavy metals. The fish rendering waste was taken from
Kingsville fisheries in Ontario. Gregory et al. (2005) demonstrates there is a high
concentration of certain heavy metals in bodies of water in Ontario, Canada. As it was
shown in Drosophila melanogaster (Meigen) (Diptera: Drosophilidae), maggots actually
avoid foods with heavy metal contaminations when given a choice (Bahadorani and
Hilliker 2009). When forced to consume a resource with heavy metal contamination, D.
melanogaster larvae actually consume less compared to a control with no heavy metals

(Bahadorani and Hilliker 2009).
Fruits and vegetables had the 4th highest rate of waste reduction (consumption)
increase, but has the second highest mean waste reduction per day because larvae fed
fruits and vegetables took the longest to develop to the wandering stage, with the
exception of manure (see Chapter 2). Therefore in the larger instar stages, larvae were
consuming a significant amount of food for a longer period of time.
Manure had the lowest rate of waste reduction (consumption) increase and mean
waste reduction per day possibly because it contains the lowest amount of energy
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(Kilojoules) and fat. This small scale in lab study shows soldier fly larvae reduced
manure waste the least. The amount of waste reduced in kitchen waste is doubled that of
waste reduced in manure. This shows great promise for using black soldier flies as a
potential agent for waste management because Sheppard et al (1994) was able to show in
a large scale that black soldier fly larvae reduced manure by 50% or more in a facility
housing 460 hens. Perhaps black soldier fly larvae can reduce other wastes on a large
scale to a greater extent than has been demonstrated with manure on a large scale.
From the available data, liver and fish produce maggots that are more nutritious
than the control feed. This result is favourable because prepupae reared from these
organic waste can be used as feed for animal livestock. Prepupae fed on feed, liver, fish,
and fruits and vegetables in this experiment contain less protein and fat contents than
reported by Hale (1973), Sheppard et al (1994) and Newton et al (2005). This could
possibly be because maggots in this experiment were given waste food as necessary
(when they have consumed and dried out all pervious waste) and therefore could have
experienced some limitations of food access.
Black soldier fly are able to consume and reduce all 6 diets that were specifically
chosen to give the widest range of organic waste possible which includes an all meat diet
to an all vegetable diet. With the exception of maggots fed on kitchen waste, maggots
that were produced are overall the same length and weight as maggots fed the control
feed. Maggots that were fed fish and liver diets actually have higher nutritional content
than control maggots. This demonstrates that black soldier fly maggots can successfully
be used to reduce organic waste and produce valuable nutritious prepupae as animal feed.
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Future steps include testing for possible bioaccumulation of heavy metals and toxins in
black soldier fly larvae before they are to be used as animal feed.
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Figure 1. Mean(± 1 S.E) rate of waste reduction (consumption) increase (g/ 10
maggots/day) for six different types of waste (N=36, F s,30= 12.971 , p <0.001).
Means followed by the same letter are not significantly different (p>0.05).
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square=76.034, df=5, p<0.001). Means followed by the same letter are not
significantly different (p>0.05).
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Figure 3. Unhandled mean (±S.E.) maggot weight for maggots reared on different
organic wastes (N=36, F s,30=6.055, p=0.001). Means followed by the same letter
are not significantly different (p>0.05).
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Feed
KJ{/lOOg)

Liver

Manure

Kitchen

Fruits &

Waste

Vegetables

Fish

1298.38

1849.8

1228.5

2031.35

1556.25

2099.44

310.48

442.68

295.23

484.32

375

502.76

18.02

76.71

22.66

20.41

20.7

so

2.52

12.84

1.4

19.58

1.55

36.18

53.62

4.74

47.61

56.79

68.95

0.55

75.2

74.7

89.5

71.3

95.6

81.9

Calories
{/lOOg)
Proteins
(g/lOOg)
Fats
(g/lOOg)
Carbs
(g/lOOg)
Moisture
Percent

Table 1. Nutritional analysis for six types of organic waste performed by Maxxim
Analytics. Results are presented as dry weight for easier comparison.
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Feed
Maggots

Liver
Maggots

Manure
Maggots

Kitchen
Waste
Maggots

Fruits &
Vegetable
Maggots

Fish
Maggots

Calories
(kcal/lOOg) 130
Proteins
(g/lOOg)
14.7

214

NA

NA

105

233

21

NA

21.2

12.9

19.4

Fats
(g/lOOg)

4.02

8.39

NA

NA

2.22

11.6

Carbs
(g/lOOg)

8.75

13.7

NA

NA

8.38

12.7

Moisture
(g/lOOg)

66.5

55.3

NA

NA

71.8

53.4

Table 2. Nutritional analysis of prepupae reared on six types of organic wastes
performed by AGAT laboratories.
Note: Some treatments did not yield enough prepupae samples for nutritional
analysis and are represented by NA.
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CHAPTER 4: INCIDENCE OF CANNIBALISM IN BLACK
SOLDIER FLY BEHAVIOUR
INTRODUCTION
Insects have multiple strategies for acquiring the nutritional requirements
necessary for growth, development, survival and reproduction. When there is a nutritional
imbalance in their diet, insects utilize many behavioural feeding strategies. Agonum

dorsale (Pontoppidan) (Coleoptera: Carabidae) are able to selectively forage diets that
contain nutrients they are currently lacking (Mayntz et al 2005). Pardosa prativaga (L.
Koch) (Araneae: Lycosidae) are able to consume more fruit flies that were either rich or
poor in protein and lipids to compensate for their nutritional imbalance (Mayntz et al
2005). Stegodyphus lineatus (Latreil!e) (Araneae: Eresidae) that are lacking in protein
can take up more nitrogen from its prey than those Stegodyphus lineatus that are
sufficient in protein content (Mayntz et al 2005). Intra-guild predation is defined as
predation on an individual that uses the same resources, and therefore, a potential
competitor (Polis et al 1989). Intra-guild predation including cannibalism, is another
behavioural feeding strategy for omnivorous insects that consume mostly plants (high in
carbohydrate content) to obtain the proper protein required for development (Polis et al
1989). Cannibalism is a behavioural trait commonly found in nature and is defined as
intraspecific predation (Fox 1975). There are many factors which can cause cannibalism.
These factors can include high density, behavior and availability of victims, physiological
and psychological stress, and starvation or a limited food resource (Fox 1975).

Parastrachiajaponesis (Scott) (Heteroptera: Parastrachiidae) adult females lay
unfertilized eggs in their clutch to serve as a resource for early nymphs (Hironaka et al
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2005), a strategy known as trophic eggs. Newly hatched nymphs of Labidomera
clivicollis (Kirby) (Coleoptera: Chrysomelidae) can cannibalize unhatched fertilized eggs
to increase survival by accelerating developmental rate (Eickwort 1973). Cannibalism is
often induced in times of scarce food resources for three main reasons (Pol is 1981): ( 1)
food stress enhances foraging activity, (2) this period of hunger and increased foraging
activity will weaken an individual and as a result become vulnerable to cannibalism and
(3) during periods of food stress, an individual should expand their diet breadth beyond
normal limits.
In addition to acquiring the proper nutritional requirements, cannibalism may still
occur and be beneficial for several reasons. The dragonfly Epitheca cynosure (Say)
(Odonata: Corduliidae) had a faster developmental rate and produce larger adults (Hopper
et al 1996) when cannibalism occurred. Larger adults results in great reproductive
success. Cannibalism may also be advantageous by reducing competition and
eliminating a potential predator and therefore, can increase fitness (Hopper at al 1996).
Polis (1981) further stated that Phidippus johnsoni (Peckham) (Araneae: Salticida) males
can often cannibalize other male competitors in courtship for females. Cannibalism can
stabilize a population by causing density dependent mortality and create size synchrony
since smaller individuals are usually the victims of cannibalism (Hopper et al 1996).
Although there are many advantages to cannibalism, there is a risk of injury or death in a
cannibal attack (Polis 1981 ). Extreme cannibalism can reduce reproductive success as
potential mates can be cannibalized (Polis 1981 ). Cannibalism can be a vector for
spreading infectious organisms and therefore, cannibals can contract pathogens and
parasites (Polis 1981 ).

67

. - .,

The black soldier fly Hermetia illucens (Linnaeus) (Diptera: Stratiomyidae) is a
large fly with five larval stages (Axtell and Arends 1990). They have a relatively long
life cycle of ea. 40 days, depending on temperature (Tomberlin et al 2002, Furman et al
1959, Sheppard et al 1994). They are found on decomposing organic material such as in
household compost or in confined animal facilities where there is an accumulation of
manure such as poultry houses (Tingle et al 1975). Black soldier flies are not known to
be a cannibalistic species. It has been documented that black soldier fly larvae can feed
on other dead larvae and adults (Furman et al 1959). However, cases of live cannibalism
and black soldier fly larvae attacking pupae have never been observed before. When
rearing soldier fly larvae in high density during my research, I observed instances of live
cannibalism. Black soldier fly larvae were observed consuming other live larvae in late
stage of development, live pupae and emerging adults. Thus, my objective was to
determine if cannibalistic behavior can be induced in black soldier fly larvae as a means
to compensate for limited nutritional resources and to reduce competition for space and
resources. It is predicted that black soldier fly larvae will cannibalize when there is
limited food resource such that their nutritional requirements are not being fulfilled.
MATERIALS AND METHODS

A colony of black soldier fly was started from larvae obtained from Dr. Craig
Sheppard (Georgia, USA, via RECORP Inc, in Georgetown, ON). Adult black soldier fly
were maintained in a 3 x 3 x 6 m cage with an artificial plant in a greenhouse, providing
natural sunlight and space for mating and oviposition. Additional light was provided
using 400 watt high pressure sodium lights to maintain a 14: 10 light day throughout the
year. Temperature was maintained between 20-35°C throughout the year. Adults were
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provided water droplets using a misting system set to mist for 1 minute, twice per day,
which also maintained humidity above 30% RH. Oviposition sites were provided by
taping 8 x 4 cm corrugated cardboard to the side of a 50 x 25 cm container filled with
poultry feed (Agribrands Purina Canada Inc) that is 17% crude protein, 2.5% crude fat,
4.5% crude fiber and saturated with water. After oviposition, cardboard flutes containing
eggs were placed in a 5 x 5 x 3cm container covered with black Weedstop Professional
Landscape Fabric and were placed in a growth chamber at 28°C, 60± 10% RH, 24 hour
light cycle. Once eggs eclosed, first instars were fed the control poultry feed diet (70%
moisture based on preliminary experiments, 10 g food with 21 ml water).Larvae were fed
and placed into 30 x 30 x 6.5 cm container covered with black fabric mulch.
When soldier fly larvae are in the late stages of development (approximately 1 cm
in length), cannibalism experiments began. Eighty black soldier fly maggots were placed
in a small petri dish 5 cm in diameter and covered with black Weedstop Professional
Landscape Fabric. Petri dishes were then taped down to prevent maggot escape. Petri
lids contain 5 holes approximately 0.5 cm in diameter for air flow and to prevent
suffocation. Experiment contains 15 petri dishes with 80 maggots in each dish that were
supplied Agribrands Purina Canada Inc poultry feed daily and 15 petri dishes with 80
maggots in each dish that were not given any food. Maggots were counted daily. Any
dead maggots were removed daily. Physical evidence of cannibalism events were
recorded and photographed.
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Statistical Analysis
The percent incidence of cannibalism occurrence for maggots given food is
compared to the incidence of cannibalism occurrence for maggots without food using a
One-Way Chi-square goodness of fit test.
RESULTS
Cannibalism was observed in both treatments with food and without food but
there was adifference between the incidence of canniblism occuring with maggots given
access to food and those maggots without food (Chi square

1, 54 =

29.63 p<0.001). The

percent incidence of cannibalism for those with access to limited food is 46.6%. Overall,
9 occurences of cannibalism were recorded. The percent incidence of cannibalism for
maggots that did not have access to food is 6.6%. There was one occurrence of
cannibalism and this happened early on, 6 days into the experiment.
The types of evidence of cannibalism that were recorded include empty maggot
cast skins with puncture holes (Figure 1) or cast skins that are non-normal melting
(Figure 2) in comparison to normal melting (Figure 3).
DISCUSSION
Cannibalism can occur as a survival mechanism when there is a lack of food or a
low amount of resource (Elgar and Crespi 1992, Fox 197 5, Polis 1981 ). It is interesting
to note that in this case for soldier flies, cannibalism occurs when there is an availability
of food. When there is a lack of food, soldier fly larvae rarely cannibalize at all. Larvae
that had food may have cannibalized as a result of high density. Cannibalism is a strategy
that benefits the surviving larvae by reducing population density, providing more
favourable conditions for the larvae and less competition for resources. Even though
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there was access to food, the food was limited. Fox (1975) states that starvation is not
necessary to induce cannibalism; that sometimes the mere limitation of food is enough for
cannibalism to occur. Cannibalism will reduce the competition for food and space, while
allowing the cannibal to become larger so that there is less chance the cannibal will
become a future victim, therefore increasing fitness (Fox 1975, Hopper et al 1996).
Hopper et al (1996) suggests that even though no starvation is occurring, cannibalism can
still take place because it can increase maturity size and accelerate growth rates.
Black soldier fly larvae without food may have not cannibalized under starving
conditions because they were too weak, making the risk of injury too high. Cannibalism
is also an energy expensive behaviour, energy that starving black soldier fly larvae cannot
afford to lose. Generally under starving conditions, a species will cannibalize a smaller,
younger individual. However, in this study, all larvae were approximately the same size.
Hopper et al (1996) showed that when dragonfly larvae Epitheca cynosure (Say)
(Odonata: Corduliidae) are at the same age, cannibalism is very rare, possibility because
of high injury potential. However, when there was a difference in age of two instars in
size, cannibalism occurred in 100% of cases (Hopper et al 1996). Furthermore, the
positive and negative effects of cannibalism have to be weighed (Fox 1975). Larvae that
were given limited food can afford to cannibalize a few individuals to reduce resource
competition. However, extreme cannibalism for individuals in starving conditions would
reduce reproductive success as potential mates can be cannibalized (Polis 1981 ).
The rate of cannibalism may have been underestimated throughout the experiment
because cannibalism usually occurs in populations where there is a heterogeneous age
(Fox 1975). This allows older, larger individuals to cannibalize younger, smaller
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individuals more easily. In my study all individuals were the same age and
approximately the same size to start. However, larvae that were given limited food are
subjected to competition for resource, creating a significant difference in larval sizes as
the experiment continued. The occurrence of cannibalism may have only occurred after
the larval size difference was created (Hopper et al 1996).
This is the first time that black soldier fly larvae have been documented to
cannibalize live individuals. This knowledge further contributes to our understanding of
the feeding ecology and behaviour of black soldier fly. Although the rate of cannibalism
is rare, it may have been underestimated due to the fact that experimental larvae are the
same size, creating a high risk factor in cannibalism. It is also interesting to note that
cannibalism occurred at a higher rate when larvae had access to limited food than when
there no food availability. Future studies should include using different larval sizes to
determine if the rate of cannibalism is actually higher. Different larval stages (instars)
should also be used to determine at what larval stage cannibalism occurs.
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FIGURES

Figure 1. A cannibalized maggot. Cast skin is complete and empty. There is no
split down the side for maggot to emerge out. There are also puncture holes that
can be seen.
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Figure 2. A cannibalized maggot. Sometimes a maggot will completely crawl
inside another maggot as it consumes it, leaving behind an empty thick tunneled
shell.

76

Figure 3. Normal malting of soldier fly larvae. Cast skin is complete with a head
and end. Cast skin is split down the side for maggot to emerge out.
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CHAPTER 5: CONCLUSION
Black soldier flies are a large wasp like fly approximately 2 cm in length
(McCallan 1974) that is native to America (McCallan 1974). They are found in nature
digesting organic matter such as decaying fruits, vegetables, animal and manure (James
1935). Black soldier flies can survive in temperatures ranging from 24 to 40°C (Sheppard
et al 2002) and have 5 larval stages (instars) (Axtell and Arends 1990). Females can lay
approximately 500 eggs in a dry crevice near a food source (Furman et al 1959, Sheppard
et al 1994). Eggs hatch in 4 days and larval stages last approximately 22 to 24 d at 27°C
(Tomberlin et al 2002). Maggots at the wandering stage will leave their food source and
look for a dry place for pupation, which can last 2 weeks at room temperatures between
21 °C and 28 °C (Furman et al 1959). Overall, the life cycle of black soldier fly lasts an
average of 4-5 weeks under optimal conditions (Bondari and Sheppard 1987). Adult
black soldier flies survive for 7.9-9.7 days when provided with water and do not require
additional nutrition to mate and reproduce and instead survive on the fat body energy
stores built up during their larval stages (Tomberlin et al 2002).
Black soldier flies are valuable as animal feed for livestock such as poultry, swine
and fish because black soldier fly larvae contain high quality protein and fat. Black
soldier fly prepupae contain a large amount of body fat for energy to migrate, pupate, and
sustain adult life (Sheppard et al 1994). Back soldier fly larvae contained 45.2% crude
protein and 31.4% fat (Hale 1973) making them a suitable meal replacement for swine
(Newton et al 1977) and fish (Bondari and Sheppard 1981), giving them an estimated
value of $330/tonne as feed (Newton et al 2005).
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As previously stated, black soldier fly larvae consume a wide range of
decomposing organic material and therefore, can potentially be used to solve Canada's
problem of accumulating waste while producing valuable product of animal feed.Canada
produced 30.4 million tonnes of solid wastes in 2002 (Cameron et al 2005) with the most
common method for discarding this waste is in landfills. In 2000, approximately 35% of
landfills are at least 20 years old (Cameron et al 2005) and may not be effectively
trapping leachate and gas emissions. Landfills are also reaching capacity and closing
(Cameron et al 2005). In 2002, Canadian households produced 12 million tonnes of
waste, of which 40% is organic waste (Cameron et al 2005) and can take up to 30 years to
decompose in a landfill. Black soldier fly larvae can significantly reduce organic waste
such as manure up to 27% in as short as a month (Sheppard 1983). Adult flies are not
considered pests as they do not enter homes (Sheppard et al 1994) and the larvae can help
inactivate bacteria such as E. coli and Salmonella (Erickson et al 2004, Liu et al 2008).
The capability of black soldier fly to reduce a significant amount of organic waste in a
short period of time while not being known to be a disease vector gives them great
potential to be an agent for waste management. Therefore, it was important to explore
the development of black soldier flies and their capability to reduce six different types of
organic wastes including: (1) control poultry feed, (2) liver, (3) manure, (4) kitchen
waste, (5) fruits and vegetables and (6) fish rendering as presented in this thesis.
Overall, black soldier fly maggots appear to reduce kitchen waste at the fastest
rate. This could be due to the fact that kitchen waste has the highest energy and calorie
content. This result is favourable as 40% of all household waste is organic waste
(Cameron et al 2005). There is an effect of handling on maggot development with
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unhandled maggots being longer and heavier than their handled counterparts across all
waste diet treatments. Black soldier fly larvae reared on manure took the longest time to
develop, followed by fruits and vegetables. This could be because manure and fruits and
vegetables are lowest in nutrition. They have the lowest energy, calories, protein, and fat
content. Another possibility is that manure and fruits and vegetables are low/lacking in
animal proteins which accelerates development (Hopper et al. 1996). This can also
explain why liver supported the overall fastest developmental times, followed by kitchen
waste.
The rate of maggot weight gain per day was highest for those reared on feed and
kitchen waste. The rate of maggot length and weight gain per day was highest for feed,
kitchen waste, and liver. The final maggot weights and lengths were highest for feed and
kitchen waste. The nutritional analysis showed that maggots fed liver and fish were
actually higher in nutrition than control feed (see Chapter 3). This demonstrates that
larvae reared on these organic waste diets can be used as an acceptable meal replacement
for livestock.
The highest mortality occurred for maggots reared on kitchen waste, liver and
fish. This could possibly be because of heavy metal contaminations and toxins in these
diets (Bahadorani and Hilliker 2009, Clark et al 2006).
It is clear that diet has a significant effect on the development of black soldier fly
which is an important consideration when using this species as forensic evidence. The
insects found on a carcass can be used along with developmental data to estimate the
post-mortem interval (PMI), which is the time between death and body discovery. The
black soldier fly is a unique forensically important fly because it can oviposit and
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establish a population early on, about 6 days postmortem (Tomberlin et al. 2005) or in the
later stages of decomposition when the body is dried, about 20-30 days (Lord et al. 1994).
Black soldier fly larvae were used in a forensic case in Brazil to estimate the PMI for a
small 8 month old child (Pujol-Luz et al. 2008).
During this study, black soldier fly larvae were observed consuming conspecifics. This is the first time black soldier fly have been documented as being a
cannibalistic species. Although the rate of cannibalism is rare in this experiment, it could
possibly be due to the fact that experimental larvae used were the same age and size
(Hopper et al. 1996). If there was a different in larval sizes, the rate of cannibalism could
be expected to be much higher as has been observed in Hopper et al. (1996) which
showed cannibalism occurred in 100% of cases when there was a difference in age of two
instars in size in the dragonfly larvae Epitheca cynosure (Say) (Odonata: Corduliidae).
Noting black soldier fly as being a cannibalistic species further contributes to our
understanding of the feeding ecology and behaviour of this species.
This thesis documents that black soldier fly larvae have a great potential for
reducing organic waste in landfills. Black soldier flies can successfully consume and
develop on six organic waste diets listed above and the prepupae that were produced can
also be used as animal feed. However, before this waste management project can be
successfully implemented, there are several factors that need to be investigated. Future
work will involve testing black soldier fly prepupae for bioaccumulation of toxins and
heavy metals from different waste streams if it is going to be used as feed for livestock.
Animals consuming the prepupae feed will have to be edible both for safety and
palatability for human consumption. The ability of black soldier fly adults to
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successfully mate and reproduce that were fed these waste diets is important if a black
soldier fly colony is to be maintained. Based on the available knowledge and current
results, black soldier fly continues to holds great promise as a potential agent for waste
management.
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